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Soft carbon is a special class of carbon materials having tunable physical properties that makes it
suitable for various battery applications. The precursors containing large polyaromatic hydrocarbons
undergo mesophase formation via complex organic rearrangements, which endows soft carbon with
unique attributes. Soft carbon is considered an ideal and upscalable matrix for Si-based anodes due to
its non-overlapping potential zone of lithiation with Si/SiO,, interfacial cohesion, structural stability, and
spatial connection. It is considered superior to other carbonaceous materials in confining polysulfides
and enabling a higher loading of sulphur in Li—-S batteries. It is the best anode for K-storage because of
its ideal diffusion/adsorption balance, a good matrix for Na storage due to its enormous expandability,
and an emerging material for anion storage as it contains graphitic microdomains. Soft carbon behaves
as a multifunctional coating agent, capable of mitigating the poor electronic conductivity of polyanionic

Received 14th March 2024, cathodes, alleviating interfacial instabilities of graphite anodes, and providing high voltage protection to

Accepted 7th May 2024 spinel oxide and anion-storing cathodes. It is also employed in three-dimensional carbon fiber
DOI: 10.1039/d4ya00174e electrodes, where it plays multifaceted roles as a binder, conductive additive, and coating agent. Further,

carbon-based current collectors can be prepared from soft carbon. In summary, this review summarizes
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1. Introduction

The electrification of everything has been suggested as a
possible panacea for the global climate crisis." The source of
electricity is projected to be the renewables, as these sources are
generally decarbonized, greener, and more sustainable than
currently utilized non-renewables.” However, the intermittent
nature of renewables entails the need for the complementary
storage of the generated energy to ensure an uninterrupted
supply of electricity. Unfortunately, the year-round storage of
energy at the utility-scale is a herculean task and poses a
plethora of challenges.** The task is so onerous that the
existing system of the electric grid utilizes the electricity
produced instantly, avoiding the difficulties of storing energy
between production and consumption.” However, develop-
ments in building energy-storage platforms have progressed
steadily over the years and has experienced great leaps forward
in the last decade. Rechargeable batteries are at the vanguard of
this revolution. In particular the market introduction of
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all the attributes of soft carbon for use in rechargeable batteries.

lithium-ion batteries (LIBs) in the 1990s changed the
landscape of the energy-storage sector.® In the absence of
competitive technologies, LIBs have established a monopoly
in the portable electronics market. Nonetheless, the future
requirements of batteries are not only confined to handheld
electronic gadgets but are also widespread in grids, land
transportation, aviation, household supply, wearable biomedi-
cals, etc.” Keeping abreast of the times, innovative technologies
such as lithium-sulfur, sodium-ion, redox-flow, lithium-
metal, and dual-carbon batteries have also emerged as more
suitable and meticulously crafted alternatives for specific
applications.®® These next-generation LIB analogs may surpass
conventional LIBs in terms of sustainability, recyclability,
safety, and cost. However, the superior package of LIBs’ elec-
trochemical output still represents the state-of-the-art for
upcoming technologies to follow.'® Therefore, considerable
efforts have been devoted to improving the electrochemical
properties such as the capacity retention, cycle life, cycling
efficiencies, and voltage fade of prospective future batteries
using low-cost materials and sustainable methods."" Even LIBs
are under continuous scrutiny for improvements beyond their
current performance level so that they can reach new paradigms

Energy Adv., 2024, 3,1167-1195 | 1167


https://orcid.org/0000-0002-7762-7237
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ya00174e&domain=pdf&date_stamp=2024-05-21
https://rsc.li/energy-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00174e
https://pubs.rsc.org/en/journals/journal/YA
https://pubs.rsc.org/en/journals/journal/YA?issueid=YA003006

Open Access Article. Published on 13 5 2024. Downloaded on 2024-11-02 1:43:13.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

of high energy (300 W h kgyac ') and long life (>5000 cycles
with 80% capacity retention).'

Carbon is the most used material in rechargeable non-
aqueous batteries.”® Historically, the breakthrough finding of
Li-ion-storing properties in graphite led to the commercializa-
tion of LIBs. Graphite-based LIBs still lead the market. How-
ever, graphite is not a good choice for storing Na" and K', where
disordered (hard and soft) carbons excel. Interestingly though,
graphite can also store anions (PFs~, FSI", TFSI™, etc.), which
resulted in the discovery of dual-ion batteries (DIBs), or dual-
graphite batteries (DGBs), way back in 1930s."*™ Unfortu-
nately, the system did not gain popularity, as most attention
was focused on the excellent electrochemical performances of
LIBs. In most common cases, LIBs contain a graphite anode
and layered oxide/phosphate cathode. The conventional system
functioning on both intercalation-type cathode and anode
materials can deliver a maximum energy density of 200-
230 W h kgpaa - depending on the cathode composition. In
order to increase energy densities to >250 W h kgpack’l, the
intercalation-type graphite anode must be substituted with
conversion/alloying materials, like Si-based compounds. More-
over, energy densities beyond >250 W h kgpack_1 mandate the
replacement of intercalation-type Ni-rich (Ni > 80%) layered
oxide cathodes by conversion materials, such as metal fluorides
and sulfur. Unfortunately, the conversion/alloying materials
generally suffer from significant volume expansion, which
shortens the cycle life. This issue can be mitigated by encapsu-
lating the conversion/alloying material within a porous bulk
that can buffer the volume expansion.*®'” Carbon is a natural
choice in this aspect due to the ease of tuning its morphology,
porosity, form factors, and flexibility.'® Carbon sculpted
in three-dimensional foam and fibrous architectures can
accommodate volume expansion as well as acts as the
current collector. Another viable option to tackle the challenge
is employing flexible binders with superior adhesive
properties.’® Carbon can also be utilized as a binder to inte-
grate conversion/alloying materials with the carbon matrix. On
the other hand, phosphate-based intercalation cathodes
(LiFePO, and LiMn, ,Fe,PO,) are the safest choice for high-
power batteries. The robust phosphate framework undergoes
minimal volume changes during de/lithiation, offers faster
ionic diffusion, and does not release oxygen when
damaged.”® However the material fails drastically in the
absence of a conductive coating due to its poor electronic
conductivity (107°-10""* § ¢cm™ ). Carbonaceous materials,
owing to their dual-ion-electron conducting nature, are perfect
contenders for coating agent for non-oxide cathode materials
with low electron conductivity (<10~7 S em '), such as phos-
phates, silicates, and vanadates.>* Similarly, intercalation-type
niobate and titanate anodes are thermally safer alternatives to
graphite to couple with phosphate cathodes in a high-power
LIB pack under the circumstances of fast charging.>” Graphite
undergoes severe lithium plating under elevated charge cur-
rents, compromising the safety of the LIB pack, while the
niobate and titanate anodes are specially designed to withstand
higher current rates without structural deterioration and
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lithium plating. However, the poor electronic conductivity
(107" S em™" for titanates) can be taken care of by applying
a carbon coating.?® Further, carbon materials have also found
to be useful as a protective shield on graphite anodes, where
surface heterogeneities and defects trigger electrolyte decom-
position. Carbon coating alleviates the parasitic side reactions
at the electrode-electrolyte interface (EEI), enhancing cycling
(coulombic, voltage, and energy) efficiencies, and capacity
retention.>® In short, carbon is used in multifarious applica-
tions in batteries, i.e., as an anode and cathode active material,
as an anode and cathode coating agent, in the conductive
additive-binder domain, and as a current collector.

Carbons that intercalate ions can be classified into two
categories: ordered and disordered. First, ordered graphite is
highly crystalline and possesses long-range order, where sp’-
hybridized sheets stack along the c-axis to give rise to either the
hexagonal AB sequence or the rhombohedral ABC sequence.
The n-bond delocalization enables 10°~10* S cm™" of in-plane
electronic conductivity along the ab-direction, whereas the
weak cohesive van der Waals (VAW) force (16-17 kJ mol %)
creates an interlayer spacing of 3.35 A along the c-direction,
rendering space available for the easy intercalation of guest
species.””> Moreover, the redox property of graphite is ampho-
teric, whereby both cations and anions can intercalate to form
graphite-intercalation compounds (GICs).”® This is why gra-
phite is useful as a cation-storing anode in LIBs and as an
anion-storing cathode in dual-carbon batteries. Another impor-
tant feature of graphite is its material density of >2 g em >,
which transitions into tap density >1 g cm™® for graphite
electrodes, which is higher than that for disordered carbons
(<0.7 g em ™). The Nobel Laureate Akira Yoshino recalls his
efforts to replace the polyacetylene anode (material density:
1.2 ¢ em ) with graphitic material for coupling with a LiCoO,
cathode in order to simultaneously fulfill the criteria of small
size, lightweight, and energy dense. In his words, the graphitic
material was the final piece of the jigsaw that led to the
breakthrough discovery of the first rechargeable LIB.”” Second,
disordered hard and soft carbons are better anodes for Na" and
K" storage than ordered graphite. They do not contain an
ordered arrangement of graphene sheets either along the in-
plane ab-direction or along the c-direction of stacking. Their
structure is a hybrid of graphitic and non-graphitic regions. It
can be realized as sp>-hybridized graphene sheets oriented in
short range to yield crystalline graphite-like microdomains
crosslinked by sp*-hybridized linkers representing amorphous
non-graphitic domains.*® Based on the conversion ability of
non-graphitic regions into a graphitic arrangement, the cate-
gorization of hard and soft carbon was brought in. The strong
crosslinking interaction resisting graphitization upon thermal
treatment, even up to >2500 °C, is a classic feature of hard
carbon, whereas the gradual transformation of weak crosslink-
ing regions into graphitic domains beyond 2000 °C distin-
guishes soft carbon.?® The graphitizability, i.e., the extent of
the graphitic domains over non-graphitic, is tunable depending
on the applied temperature, which can be designated as the
most attractive feature of soft carbon that cannot be offered by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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graphite or hard carbon. This feature renders unique attributes
to soft carbon, such as electronic conductivity, mechanical
strength, and porosity. The tweakability of such properties also
assists in deriving optimizable soft carbon structures for tailor-
made applications. Therefore, it can be useful for numerous
applications in electrochemical energy-storage devices, like as a
cation and anion storage matrix, as a cation and anion coating
agent, as a binder, and so on.

There exist numerous excellent-quality and highly cited
review articles in the literature centered on graphite anodes
for LIBs, graphite cathodes for dual-ion batteries, hard and soft
carbon anodes for SIBs and KIBs, applications of a particular
morphology and topology of carbon (nanospheres, nanohollow,
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nano-onions, defect engineered, multiscale porosity, etc.) in
batteries, progress of a specific form of carbon (graphene,
graphene derivatives, quantum dots, fullerene, nanotubes,
etc.) in energy applications, and the evolution of biomass-
derived heteroatom-doped carbons as active materials.>**%™*?
However, a focused review based on the unique attributes and
ubiquitous utilizations of soft carbon in rechargeable batteries
can hardly be found. This motivated us to produce a summary
of the aforementioned topics that may provide comprehensive
insights to the battery community in a single article. Therefore,
this review aimed at representing the retrospective history and
prospective future of soft carbon in rechargeable batteries
(Scheme 1).
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active electrode material
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Scheme 1 Schematic illustration of the manuscript.
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2. Origin and molecular mechanism
behind the unique properties of soft
carbon

2.1. Molecular structure of the pitch precursors

Carbon-rich materials having a low content of heteroatoms (N,
O, S, etc.) are the best precursors for soft carbon, such as
petroleum pitch, coal tar pitch, few organic moieties, and coke.
The weak crosslinking in these precursors means they become
mobile at high temperature, thereby converting into graphite-
like crystallites. Pitch from petroleum byproducts is the most
popular, widely abundant, and vastly explored precursor of soft
carbon.

The molecular structure of pitch is a subject of debate due to
the exceptional molecular diversity and the low solubility of its
constituents. This conundrum has puzzled scientists for the
last 50 years and several hypothesized structures have been put

Precursor
(petroleum)
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forward using advanced characterization tools. This changed
though in 2020, when Chen et al. imaged the building blocks of
pitch via non-contact atomic force microscopy (nc-AFM).** They
presented direct evidence of 30 large polyaromatic hydrocar-
bons (PAHSs), as shown in Fig. 1a. Their study was carried on
M50 pitch having 92.2 wt% carbon, a H/C ratio of 0.73, a
softening point of 240 °C, a double bond equivalent (DBE) of
20 + 8, and a density of 1.015 g cm>. The chemical structures
can be viewed as 6-membered rings, such as pyrene (C;6Hio),
benzopyrene (C,oH;,), phenanthrene (C,4H;,), and benzophe-
nanthrene (CygH;,), and 5-membered rings, like non-
conjugated fluorene (Ci3H;o) and conjugated fluoranthene
(C16H1o) catacondensed to form aromatic cores in the range
of 17-65 carbons (Fig. 1a). The compounds are rarely full
aromatic, as all are attached to 2-3 linear aliphatic side chains
and linkers, like methyl (-CHj3), methylene (-CH,), and ethyl
(-C,Hs) mostly. The aromatic components (91% C and 69% H)

T ]
L Ar
% JL\,L JC

AN

/\,\\ \]

\//\

(a) Molecular constituents of M50 pitch detected using non-contact atomic force microscopy (nc-AFM). Inspired from ref. 42. (b) Example of a

thermal fusion reaction during the carbonization of pitch. Redrawn from ref. 42. (c) Existing polyaromatic hydrocarbons during the carbonization of pitch

at 560-670 °C. Redrawn from ref. 46.
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dominate over the aliphatic (9% C and 31% H), which is a
classic requisite for the transformation to soft carbon products.
The key structural features were proposed to originate from a
small aliphatic substituted pyrene group via a free-radical
mechanism. Zhang et al, using high-resolution matrix-
assisted laser desorption ionization (MALDI) time-of-flight
(TOF) mass spectroscopy (MS), elucidated the subtle differ-
ences between the molecular structures of petroleum pitch
(PP) and coal tar pitch (CTP).** Their investigation revealed
that PP comprises PAHs having a wider distribution of carbon
number and DBEs than coal tar pitch, thereby representing
more entangled structures. The major species of PP are high-
carbon-number molecules with short aliphatic chains, where
largely condensed small-carbon-numbered aromatic cores con-
taining cyclopenta-fused rings and having few or no aliphatic
chains exist in CTP. In short, CTP has a higher degree of
unsaturation than PP. Wu et al. reached the same conclusion
of a greater aromatic index in CTP than PP via systematic
explorations using elemental analysis, solubility tests, FT-IR,
XRD, C-NMR, and TOF-MS studies.”> In their report, the
solubility test was used as an important parameter for pitch
classification. The larger percentage of toluene insolubles
(62.9% in CTP vs. 50.3% in PP) causes a higher softening point
(293 °C for CTP vs. 261 °C for PP) and lower volatiles (29.5% in
CTP vs. 37.7% in PP at 900 °C) in the case of CTP. The precursor
with lower volatiles resulted in a better carbon yield (65.4% in
CTP vs. 60.5% in PP at 1000 °C).

2.2. Thermochemical mechanism of the mesophase evolution

Pitch undergoes several physical and chemical changes when
subjected to thermal treatments and transforms into an infu-
sible polymer known as ‘coke’ at >1000 °C, before finally
resulting in graphite at >2500 °C. At lower temperatures
<300 °C, pitch softens at first, then with the gradual increase
in temperature, it forms a partially ordered liquid-crystalline
intermediate stage, called the ‘mesophase’.*® The formation of
a mesophase is an important feature of the thermal polymer-
ization of pitch precursors, and furnishes unique properties to
the resulting soft carbon compared to carbons from other
precursors synthesized at similar temperatures. Therefore, the
molecular rearrangement behind this thermal polymerization
has been thoroughly studied in the literature using advanced
techniques, like MALDI-TOF-SIMS (secondary ion mass spectro-
scopy), nuclear magnetic resonance (NMR), electron paramag-
netic resonance (EPR), polarized light optical microscopy
(POLM), electron microscopy, thermogravimetric analysis
coupled with differential thermal analysis (TGA-DTA), and
electron energy loss spectroscopy (EELS).**™*

Thermal treatment is divided into different temperature
zones in the literature based on the detectable changes at the
molecular level.”” Up to 250 °C, no noticeable phenomenon
occurs other than softening of the pitch into a viscous liquid
with no weight loss. The range of 250-450 °C is marked by the
volatilization of lighter molecules, ie., H,, CHy, and in situ-
generated lighter hydrocarbons. Gas evolution is most vigorous
at ~400 °C. The mesophase formation is initiated at this stage

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and has been quantified to be ~2.1% at ~400 °C. In the 460-
560 °C zone, exothermic reactions corresponding to aromatic
growth polymerization and polycondensation take place. One
such reaction is presented in the form of the thermal fusion of
aliphatic substituted benzopyrenes (Fig. 1b). The hanging
aliphatic chains are consumed in radical-based polymerization
and take part in the formation of non-conjugated fluorene
moieties.”” As a result, mesogenic molecules coalesce into a
planar spatial arrangement. This zone accelerates the meso-
phase growth to ~52.3% at 550 °C. In the region of 560-670 °C,
the aromatization proceeds with intermolecular rearrangement
accompanied by dehydrogenation. Here, n-n intermolecular
interaction is established among mesogenic domains, and
the mesophase grows to ~64.1% at 670 °C. At this point,
molecules exist in dimer (8 aromatic rings), trimer (12 aromatic
rings), tetramer (16 aromatic rings) forms, and beyond, as
depicted in Fig. 1c. The temperature beyond 670 °C triggers
the increase in the mesophasic area and induces more ordering
in the structure.””

Meanwhile, CTP and PP experience different thermochem-
istry under the circumstances of pyrolysis. To differentiate the
behaviors, Wu et al. formulated eqn (1) based on the thermo-
gravimetric curves up to 1000 °C.** The parameters D, (dw/
d8)max, (AW/d)mean, Tmaxs Ts, and ATy, stand for the devolatili-
zation index, maximum weight loss rate, mean weight loss rate,
temperature at the starting point, temperature at the peak, and
temperature interval when the weight loss rate is as high as half
of the maximum weight loss rate. A higher D value refers to a
relatively faster rate of weight loss with the gradual increase in
temperature. PP contains aliphatic side chains, which are easy
to volatilize, demonstrating a higher D value than CTP.

(dw/df) 0y X (dw/di)

— max mean (1)

TmaszATl/Z

Coupled TG-MS revealed that the gas evolution (majorly H,)
below 700 °C is caused mainly by the cyclization and aromati-
zation of aliphatic side chains and cycloalkanes, while the gas
evolution beyond 700 °C is due to condensation of the aromatic
nucleus into larger polycycles. The higher numbers of aliphatic
side chains, leading to vigorous reactions, induces more sig-
nificant gas emission for PP than CTP below 700 °C, whereas
the greater abundance of aromatic moieties in CTP causing
violent polycondensation reactions catalyzes a large volume of
gas generation beyond 700 °C.

The mesophase can be characterized by a very sharp 002
reflection in the powder X-ray diffractogram. This is an indica-
tion of well-stacked graphene sheets, which is a characteristic
of condensed aromatic hydrocarbons, like graphite. Similarly,
EELS from carbon K-edge demonstrated a ¢* peak at ~293 eV,
referring to long-range graphitic ordering.*® Moreover, clear
lattice fringes can be observed in high-resolution transmission
electron microscopy (HR-TEM) analysis. The degree of graphi-
tization or the Ip/Ig ratio obtained from Raman spectroscopy
has demonstrated there is more ordering for soft carbon than
other disordered carbons.

Energy Adv, 2024, 3, N167-1195 | 1171


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00174e

Open Access Article. Published on 13 5 2024. Downloaded on 2024-11-02 1:43:13.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

2.3. Mesophase ordering endows unique physicochemical
attributes to soft carbon

The unique properties of soft carbon are beneficial for battery
applications. First, the formation of a viscous liquid at the
softening point assists in the dispersion of the carbonizing
precursor on the redox-active core. The liquefaction increases
the volume of the coating agent, which spreads and engulfs the
surface of the core material, thereby promoting a homogeneous
and conformal coating.”® Hence, the coating uniformity is
prompted by the occurrence of an intermediate liquid, which
is otherwise hard to achieve at solid-solid interfaces. In addi-
tion, the glue-like behavior of the viscous liquid can be
exploited in binder applications. Second, the carbonized pitch
is enriched in 99.3 wt% carbon. The minute amount of het-
eroatoms renders the surface with resiliency toward electrolyte
attacks.”® The achieved interfacial stability improves the cycle
life and cycling efficiencies, thereby increasing its chances of
being employed as a high-voltage protective coating. Third, the
conversion ratio of the carbon-dominant (>90%) precursors to
carbon is exceptionally high, i.e., a maximum of 60% at 900 °C,
while the heteroatom containing precursors yield <1 wt% hard
carbon at the same temperature, which could be attributed to
the easy volatilization of O/N heteroatoms. The higher percen-
tage of product yield from soft carbon precursors improves the
atom economy, lowers material waste, and reduces gas genera-
tion. Fourth, the mesophase ordering manifests a higher Young
Modulus and better tensile strength.® The better mechanical
property aids in withstanding volume expansion during the de/
lithiation of conversion/alloying materials. Consequently, soft
carbon has been successfully utilized as a flexible coating and
durable matrix for mitigating the expansion-contraction issues
of conversion/alloying electrodes. Fifth, the gas evolution dur-
ing carbonization ensues a porous morphology to soft carbon.
The porosity can be designed to a hierarchical one via synthetic
modifications. The obtained macropores (>50 nm) can be
channels for electrolyte passing, while the mesopores (2-
50 nm) may offer channels for ion diffusion, and micropores
(<2 nm) are the active ion-storage sites.*® Therefore, soft
carbon as a coating material eases electrolyte infiltration and
allows storing active ions when used as a redox-active material.
Sixth, the ordered arrangement ensures a fast and non-tortuous
pathway of electron mobility. The resulting higher electronic
conductivity can be exercised in the carbon-binder domain,
replacing C-65 carbon black.>® The relatively lower surface area
of soft carbon is also beneficial for this purpose if the carbon-
binder domain contributes to the parasitic side reactions at the
interface.

3. Soft carbon as a matrix for alloying/
conversion electrodes

As discussed in the literature, the ideal carbon framework for
conversion/alloying electrodes must possess three essential
characteristics: interfacial cohesion, spatial connection, and
structural stability.”" Fig. 2a is a pictorial presentation of the
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requisites. The term ‘interfacial cohesion’ refers to bonding
(electrostatic or chemical) between the active material and
carbon framework. Good interfacial cohesion hinders particle
pulverization and delamination during high-volume changes.
The ‘spatial connection’ indicates the connectivity of the entire
carbon framework, which provides electrochemically active
sites to incorporate alloying particles and offers enough space
to accommodate the expanded volume. It also maintains elec-
trical continuity throughout the electrode. The third character-
istic, i.e., ‘structural stability’, is the capability of the carbon
framework to sustain repeated volume expansion/contraction
during cycling without breaking.

3.1. Si-based anodes

Si-based anodes, i.e., Si, silicon oxide (SiO,), silicon oxycarbide
(8i0,C,), and silicon nitride (SiN,), are among the most propi-
tious anodes for high energy density batteries.>> Compared to
graphite, elemental Si as an anode offers various benefits in
terms of material density (2.2 ¢ cm ™ for graphite vs. 2.3 g cm*
for Si), theoretical gravimetric capacity (372 mA h g~ ' for
graphite vs. 4200 mA h g~ for Si), and theoretical volumetric
capacity (840 mA h cm™? for graphite vs. 9660 mA h em ™2 for
Si).”* Despite its advantages, the electrochemical cycling of Si
faces enormous challenges due to the colossal volume change
(>300% for Si vs. <10% for graphite) upon full de/lithiation
leading to material pulverization and detachment from the
current collector, poor electronic conductivity (~107> S cm™*
for Si vs. 10* S cm ™' for graphite), sluggish Li* mobility inside
the bulk (107"*-10""* cm® s~ for Si vs. 107°-10"" cm* s~ " for
graphite), etc.>® These intrinsic drawbacks can be mitigated by
coupling Si with carbon. The development of Si/C composites
was initiated by hybridizing Si with graphite. After two decades
of research and development, novel strategies have been opti-
mized to integrate Si with carbon, like nanohybrids, matrix
embedment, yolk-shell, core-shell, carbon impregnation in Si,
etc.” It has also been found that the properties of carbon have a
significant impact on cyclability.”®

In a very recent article by Sun et al., SiO, was projected to be
more compatible with soft carbon than graphite.”” A coal tar
pitch-derived soft carbon at 1600 °C (dog, = 0.333 nm and Ip/Ig =
0.80) was reported to perform far better than graphite (doo, =
0.345 nm and Ip/I; = 0.15) when composited with SiO, ata 1:1
ratio. The reason was attributed to the bidirectional diffusion of
Li* across the SiO,/carbon interface. The lithiation of SiO,
happens in two stages: Si — Li,Si, (0.45-0.17 V) and Li,Si, —
Li;5Si, (0.17-0.01 V), whereas graphite demonstrates three
significant stages, i.e., LiC,; — LiC;g at 0.20 V, LiC;g3 — LiCy,
at 0.10 V, and LiC;, — LiCg at 0.07 V. The difference in the
lithiation potential drives the preferential lithiation of SiO,
before graphite in SiO,/graphite composite during the charge
process, which results in the greater accumulation of Li on SiO,
particles than adjacent graphite particles at the early stages of
lithiation. As the lithiation (charging) proceeds close to the
potential for graphite lithiation, the already established lithium
concentration gradient ushers the direction of Li* flow to
SiO, — graphite. This triggers an anomalous reverse flow of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of a Si/C composite at different time intervals. Reused from ref. 57 with permission. Copyright 2019 American Chemical Society. (c) C 1s XPS spectra of a
Sn0O,/C composite to distinguish Sn—O—-C bond and galvanostatic cycling at 500 mA g~ for up to 1000 cycles. Reused from ref. 67 with permission.
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lithium from the SiO, core — surface, while the natural
lithiation process of SiO, surface — core is also underway as
the system is charging (lithiating). This reverse direction of Li*
inside SiO, leads to a contraction of the SiO, outer layer,
thereby promoting an inward compressive stress. Subse-
quently, the natural direction of lithium flow gets impeded,
yielding a significant internal polarization, and the lithiation
capacity of SiO, remains underutilized. Therefore, the SiO,/
graphite composite succumbs prematurely to the bidirectional
lithium diffusion. In contrast, the higher or partially overlap-
ping lithiation potential of soft carbon than SiO, and the
sloping voltage profile of soft carbon can mitigate the issue.
Moreover, polycrystalline soft carbon is made of directionally
oriented nanocrystals, which offer numerous low-energy migra-
tion paths, which reduces the diffusional resistance of Li'.
Hence, the soft carbon exhibits better compatibility with SiO,.
By the same line of logic, hard carbon having a sloping

© 2024 The Author(s). Published by the Royal Society of Chemistry

lithiation profile and higher lithiation potential than Si-based
anodes should be a good coating alternative. Nava et al. in 2019
found that a higher degree of graphitization of the coating layer
favored the transport of lithium within the system when a
carbon shell was vapor deposited (7-8 nm) on a silicon
core.”® The in situ electrochemical TEM study revealed that
the shell with a lesser graphitic degree (processed at 400-
900 °C) prevented the transport of Li* to the Si core and
mechanically constrained the expansion of the underlying Si
nanoparticles, thereby generating higher charge-transfer resis-
tances. The in situ electrochemical TEM images of the Si/C
composite at different time intervals during dis/charge are
presented in Fig. 2b. On the other hand, the shell with a
relatively higher graphitic degree (processed at 1000-1200 °C)
eased the diffusion of Li* toward the Si core, which could
accommodate the volume change of the Si core without any
delamination. Therefore, the microstructure of the carbon

Energy Adv, 2024, 3, 1167-1195 | 1173
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encapsulation layer could not only buffer the volume expansion
but also alter the Li*-diffusion properties significantly in the Si-
core-carbon-shell structure.>® The microstructure can be pre-
cisely controlled by tuning the carbonization temperature. In a
report by Du et al. in 2022, the carbonization of coal-based
mesophase pitch at 1400 °C (dgg, = 0.3455 nm, Ip/Ig = 1.067,
BET surface area = 8.45 m> g~ ', and average pore volume =
0.038 cm® g~ ') improved the capacity retention of a Si (15 wt%)/
C composite anode by ~54% over 200 cycles at a 200 mA g~ "
current density compared to than at 800 °C (dgg, = 0.3551 nm,
Ip/lg = 1.156, BET surface area = 31.06 m> g~ ', and average pore
volume = 0.015 cm® g~ ").°° Again, the reason was ascribed to
the better graphitic degree, crystallinity, structural stability,
and pore distribution in the high-temperature carbonized
sample, which offered better alloying with Si. The weight
percentage of carbon in the composite also influences the
electrochemical performances. Kim et al. prepared a SiO,/soft
carbon composite in various weight percentage ratios of SiO,
and soft carbon ranging from 9:1 to 5: 5, where the soft carbon
was derived by carbonizing pyrolysis fuel oil at 900 °C (Ip/Ig =
0.98 and % Cpz/sps = 2.26, coating thickness = 0-600 nm).°" The
8:2 composite was found to be the optimized one as it retained
60% of its initial capacity at 300 cycles, while the pristine SiO,
was exhausted at around 100 cycles.

Transforming the benefits of soft carbon into an industrial-
grade Si/C composite is a tedious task.>®> Chae et al. fabri-
cated a micrometer-sized Si/C composite by impregnating
petroleum pitch into nanoporous silica and calcining at
700 °C for 1 h in flowing Ar gas.®® The important characteristics
of the process were as follows: (a) the use of toluene as solvent
protected the Si surface from autooxidation, as the high solu-
bility of pitch in NMP and THF catalyzes oxidation; (b) the
negative surface charge of pitch in toluene enabled a homo-
geneous distribution on the positive surface charge containing
Si via electrostatic interaction. Moreover, the application of a
vacuum during the impregnation process assisted the permea-
tion of pitch into the nanochannels of Si via capillary action; (c)
the optimized process preserved the nanostructure (<4 nm) of
Si by restricting its uncontrolled crystal growth and the shrink-
ing of nanopores during the carbonization process; and (d) the
specific surface area of the nanosilicon decreased from 972 to
8.8 m* g~ ! with a concomitant increase in the tap density from
0.48 to 0.93 g cm * after soft carbon processing. Both these
latter parameters are vital for industrial applications and can
only be achieved by the strategic utilization of soft carbon.
Aided by the robust network of 45 wt% soft carbon, the silicon
anode coupled with LiNiysMng3C00,0, (NMC532) retained
80% capacity at 450 cycles in an industrial-scale pouch-cell
set-up, whereas the conventional chemical vapor-deposited
carbon (12 wt%)-silicon composite suffered from drastic capa-
city fading. This unique process paves the way for Si/soft carbon
composite toward industrial adoption.

3.2. Other anodes

SnO,-based materials exhibit application prospects in SIB
anodes.®” However, their practical applications are restrained
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by poor electrical conductivity and huge volume expansion. To
mitigate these issues, nano-SnO, (~5 nm) was dispersed
within the pitch-derived carbon matrix via a one-pot hydro-
thermal technique.®® With the aid of Sn-O-C bonds, as
observed in the XPS analysis and as shown here in Fig. 2c,
the SnO,/C composite delivered a residual capacity of
144 mA h g~ " after 1000 cycles at 500 mA g~ ', while the bare
SnO, faded rapidly (only ~50 mA h g~' under similar condi-
tions) owing to the severe volume change (Fig. 2c). The
improvement was ascribed to the robust anchoring effect of
the soft carbon matrix, which could resist material pulveriza-
tion. A similar performance achievement was also reported
using pitch-infiltrated SnO,-CoO yolk-shell microspheres as
an LIB anode, which demonstrated a 46% enhancement in
capacity retention compared to an uncoated sample over
100 cycles at 1 A g~ ' current density.

Another interesting report where pitch-derived soft carbon
was utilized as an efficient matrix involved a Zn;V,0g LIB
anode®’ (Fig. 2d). It is a conversion material that reacts through
a 7-electron-transfer process. Nonetheless, its electrical and ion
conductivity limitations, and volume expansion can be simulta-
neously relieved by the use of pitch-derived soft carbon. A
combination of in situ XRD, ex situ X-ray absorption spectro-
scopy, and TOF-SIMS revealed the de/lithiation mechanism of
ZnzV,04/C. Assisted by the carbon wrapping, the material
exhibited an excellent capacity retention of 735 mA h g™*
representing 96% of the initial capacity after 100 cycles at
100 mA g ! current density, whereas nanoplatelets of the bare
sample retained only 64% at the 40th cycle under similar test
conditions (Fig. 2d). Meanwhile, red phosphorous (P) has
emerged as an efficient anode for Li/Na/K-ion batteries.”®
Liu et al. confined ultrafine nanosized red P in a 3D pitch-
derived porous carbon skeleton consisting of interconnected
nanosheets via a vaporization-condensation mechanism, as
shown in Fig. 2e.”* Beyond the common requisites of a high
electrical conductivity and the suppression of volume expan-
sion, the micro/mesoporous (1-3 nm) and oxygen-rich carbon
architecture enabled a high P loading with uniform dispersion.
The material excelled as an LIB and KIB anode, showing
557 mA h g~ reversible capacity at 2 A ¢g~' for an LIB and
312 mA h g~" at 500 mA g~ for 500 cycles for a KIB. Another
anode material that is undoubtedly going to be commercialized
in the near future is Li metal due to its high theoretical capacity
(3861 mA h g~ "), low density (0.534 g cm*), low molar mass
(6.941 g mol™'), and low electrochemical potential (—3.04 V vs.
standard hydrogen electrode). However, its commercial appli-
cations are hindered by interfacial issues leading to uncontrol-
lable dendritic growth that raises safety concerns. Confining
the Li metal into a three-dimensional scaffold is a useful
approach, which is discussed in detail elsewhere.”””’* Soft
carbon may be a potential candidate for this purpose.

3.3. Sulfur cathode

The remarkable electrochemical prospects of the sulfur
cathode (theoretical capacity: 1672 mA h g ', gravimetric
energy density: 2600 W h kg™', volumetric energy density:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2200 W h L") are bottlenecked by its poor conductivity,
polysulfide species formation and dissolution, sluggish de/
lithiation kinetics, sulfur leaching due to volume expansion,
and rapid capacity fading.”®> An effective solution to mitigate
these issues simultaneously is to confine sulfur within a carbon
matrix. An ideal carbon structure must contain optimum sized
pores, uniform pore distribution, and interconnectivity
between the mesopores and micropores. The micropores pro-
vide a high surface area and close contact, while mesopores
supply ion pathways and act as sulfur and electrolyte
76779 An overabundance of micropores leads to low
sulfur loading and poor ionic transport, whereas too many
mesopores reduces the electrochemically active contact areas
and sulfur utilization.

Ko et al. fabricated a porous carbon using petroleum pitch
precursors via a template carbonization that balanced all the
desired properties.®® The synthesized soft carbon (named as
XU76) possessed a particle dimension, surface area, mesopore
size, and pore volume of 20 nm, 1005 m* g%, 4.0 nm, and
0.6 m” g, respectively, enabling 66% sulfur loading, while for
the vapor-phase aggregated commercial Ketjen Black (KB)
carbon, the values were 50 nm, 1205 m> g~*, 3.9 nm, and
1.7 m”> g~ ', respectively, realizing only 55% sulfur loading. The
mesopore-dominant (as revealed by small-angle neutron scat-
tering) KB carbon delivered only 400 mA h g™ " after 100 cycles
at a C/10 rate, whereas XU76 having an interconnected pore
geometry demonstrated a value of ~700 mA h g ' after
100 cycles under similar cycling conditions (Fig. 2f(1)). The
voltage profiles are shown in Fig. 2f(2). The mechanism behind
these better electrochemical performances was characterized
by operando Raman spectroscopy. This revealed that the long-
chain and short-chain polysulfides disappear and reappear at
the fully discharged (1.5 V vs. Li*/Li) and fully charged (3.2 V vs.
Li'/Li) states, hinting at reversible sulfur redox in the case of
the soft carbon (XU76)-integrated sulfur. In contrast, the KB-
integrated sulfur exhibited the existence of residual polysulfide
species under the discharged condition of 1.5 V vs. Li'/Li,
suggesting an incomplete sulfur reduction process at the 1C
rate. These observations were further confirmed by the oper-
ando S K-edge X-ray absorption spectra, which also showed the
presence of polysulfide species at the discharged condition for the
KB/sulfur cathodes (Fig. 2f(3)). The authors concluded that the
mesopores in XU76 confined the polysulfides and restrained shut-
tling during cycling and that interconnected pores were accessible to
the polysulfides and electrolytes, while the small micropores of KB
carbon were not accessible for the active ionic species, thus leading
to the deterioration in cycling performance.

In another report, Park et al. derived a yolk-shell-structured
soft carbon microsphere from mesophase pitch via Fe,O;
template/HCI etching.®" The melt diffusion of sulfur allowed
achieving a 70 wt% loading. The system achieved 686 mA h g™ *
reversible capacity at a C/2 rate, while the conventionally loaded
sulfur in porous carbon achieved only 236 mA h g~ . The better
cycling and excellent rate performances were attributed to the
synergistic effects of the high electrical conductivity and empty
shell layers of the soft carbon matrix.

reservoirs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In summary, soft carbon has been confirmed to be an
efficient matrix for sulfur. The extent of the electrochemical
improvement for Li-S batteries depends on the best trade-off
between the porosity and structure of the soft carbon.

4. Soft carbon as a redox-active
electrode material

Graphite was the first material ever used for ion storage.®” It
has an amphoteric redox property, meaning it can accommo-
date cations, anions, and neutral species in the bulk via
intercalation chemistry. The resulting ‘graphite-intercalation
compounds’ (GICs) are known as donor-type and acceptor-
type for cations and anions, respectively. The exploration of
Li-ion intercalation into graphite led to the commercial LIBs
that ate available in the market today. However, coke-derived
soft carbon was used in the first commercialized LIB by SONY
in 1991. Later, graphite captured the market as an anode
material because of its unparalleled electrochemical perfor-
mance. Recently, soft carbon has emerged as a host matrix
for K" and Na" storage. The entire gamut of carbon materials
reported for the purpose of ion storage can be classified into
two categories: graphite and disordered hard/soft carbons. The
main difference between graphite and hard/soft carbons is the
turbostratic disorder, which is defined as the random rotation
and translation between adjacent graphene layers originating
from low-temperature synthesis. Moreover, hard and soft car-
bons can be differentiated in terms of their graphitizability.
Turbostratic disorders and graphitizability affect the ion-
storage mechanism. Hence, the microstructure of soft carbon
must be elucidated at first, as the degrees of graphitization and
disorderedness heavily rely on the synthetic temperature.

4.1. Synthesis of soft carbons: precursors and procedures

Before going into the details of the characterization techniques,
let us first see the various ways of deriving soft carbons. Not all
carbon-containing materials qualify as a precursor of soft
carbon. The precursor should contain sufficient aromatic rings
that can be fused to oriented graphene sheets during thermal
treatment. If the precursor contains strong crosslinking inter-
actions among its building blocks that cannot be broken even
by a temperature beyond 2000 °C, then the resulting product
may not lead to the graphitic microdomains of the soft carbon
structure. The precursors typically include side products from
the petroleum and coal industries, i.e., pitch, pyrolysis fuel oil,
and anthracite. The derivation of soft carbon represents a
value-added utilization route of these byproducts. Condensed
small aromatic moieties, like perylene, pyrene, naphthalene,
and phenanthrene, are also used for synthesizing soft carbon.
Aromatic-ring-containing polymers can be another potential
source, but only vinyl polymers are used commonly as soft
carbon precursors.

The precursors can be converted into several forms and
hybrids of soft carbon via various techniques, as shown in
Fig. 3. Thermal treatment can be performed under the flow of

Energy Adv, 2024, 3, 167-1195 | 1175
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an inert gas and below 1500 °C, unless graphite is targeted as
the product where >2500 °C is required. According to process
(a) in Fig. 3, pitch can be converted into soft carbon via direct
calcination. It can be activated via an acid or base to form a
pore-rich structure (b). It can also be co-carbonized with
biomass precursors to form soft/hard carbon composites (c).
Further, heteroatom doping can also be performed easily
through multiple processes (d) and (e). The porosity can be
precisely controlled using template synthesis (f). Additionally,
soft carbon can be produced in fibrous form as per the method
shown (g). In another way, pitch precursors can be crosslinked
and then carbonized to generate crosslinked carbon (h). Last
but not the least, soft carbon precursors can be tuned to
mesocarbon microbeads (MCMBs) and graphitized under
high-temperature calcination (i).

4.2.
carbon using classical and modern advanced techniques

Characterization of the structural properties of soft

This section elaborates the ways of tracking the gradual attain-
ment of the graphitization degree with increasing the

176 | Energy Adv., 2024, 3,1167-1195

calcination temperature, see Fig. 4a—f. The physical parameters
of soft carbons calcined between 900-2900 °C obtained from
various physical characterization techniques are summarized
in Table 1. The powder X-ray diffraction (PXRD) pattern of pitch
calcined at 2800 °C demonstrated all the reflections of pure
graphite, i.e., (002), (100), (101), (102), (004), (103), (110), (112),
and (006),** as shown but not labeled in Fig. 4a. Pitch carbo-
nized at <1500 °C does not show general (Akl) reflections and
the overlap of the (4k) reflection with (001), i.e., (10) and (110) at
~ 42° (20) and (11) and (110) at ~77° (26), indicates two-
dimensional short-range order, which is not continued in the
third direction (Fig. 4b). This is the classic proof of turbostratic
non-graphitic carbon as revealed via Ruland-Smarsly fitting of
the total scattering profile.®> Now, employing Scherrer’s equa-
tion, associated parameters can be estimated, such as the
average stack height or thickness (L.), average crystallite size
or length (L,), and number of stacked graphene layers (N).*® By
using the empirical Bragg equation, the average interlayer
distance (d) can be determined.’” Moreover, the degree of
graphitization (DOG) can be calculated by using equations

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Tracking the evolution of soft carbon’s microstructure with increasing the calcination temperature from 900 °C to 2900 °C: (a) power X-ray diffraction
pattern, (b) interlayer scattering in powder X-ray diffraction analysis, (c) pair distribution function pattern from 0—100 A, indicating increased basic structu